A method to efficiently produce UHPFRC is proposed. UHPFRC is produced with relatively low binders and fibres content. UHPFRC with ternary fibres is designed and produced. The effect of hybrid fibres on the flexural toughness of UHPFRC is studied. The standards for calculating the UHPFRC toughness are evaluated. a r t i c l e i n f o Towards an efficient utilization of binders and fibres in UHPFRC, the modified Andreasen & Andersen particle packing model and the hybridization design of fibres are utilized. Particularly, the UHPFRC with ternary fibres is appropriately designed and tested. The flowability, mechanical properties and flexural toughness of the designed UHPFRC are measured and analyzed. The results show that, based on the optimized particle packing and hybrid macro and micro fibres, it is possible to produce UHPFRC with a relatively low binder amount (about 620 kg/m 3 ) and low fibre content (Vol. 2%). Moreover, due to the mutual effects between the utilized fibres, the hybrid fibre reinforced UHPFRC shows an improved flowability and better mechanical properties. Nevertheless, the flexural toughness of UHPFRC is dominated by the hooked steel fibres. Due to the specific characteristics of UHPFRC, the JSCE SF-4 standard is found more suitable than ASTM C1018-97 to be used to evaluate the flexural toughness of UHPFRC.
Introduction
Ultra-High Performance Fibre-Reinforced Concrete (UHPFRC) is a relatively new construction material, which is a combination of high performance concrete matrix and fibre reinforcement [1] [2] [3] . Due to the high binder dosage, low water to binder ratio and relatively high fibre dosage in UHPFRC, it has superior mechanical properties and energy absorption capacity [4] [5] [6] [7] [8] . However, as the sustainable development is currently a crucial global issue and various industries are striving in saving energy and lowering environmental impact [8] [9] [10] [11] [12] , the high material cost, high energy consumption and embedded CO 2 for UHPFRC are the typical disadvantages that restrict its wider application [13] [14] [15] . Hence, how to develop UHPFRC efficiently still needs further investigation.
Until now, the most common measures pursued to reduce the economic and environmental disadvantages of UHPFRC are mainly limited to the inclusion of industrial by-products or sometimes waste materials, without sacrificing the superior mechanical properties of UHPFRC [4] [5] [6] [16] [17] [18] . For instance, the granulated blastfurnace slag (GGBS), fly ash (FA) and silica fume (SF) have been used as partial clinker replacements in the production of UHPFRC [16] [17] [18] . Furthermore, some waste or recycled materials such as rice husk ash [4, 5] , recycled glass cullet [6] , palm oil fuel ash [19] , waste ceramics [20] and waste bottom ash [26] are also utilized to produce UHPFRC. However, in the design of UHPFRC, all of these above mentioned methods did not consider the effect of particle packing on the properties of concrete. In most cases, the recipes of UHPFRC are given directly, without any detailed explanation or theoretical support. Hence, it is questionable whether the concrete matrix is optimal and the binders are used efficiently.
For an appropriate design of mortars and concretes, several mix design tools are in use. Based on the properties of multimodal, http://dx.doi.org/10.1016/j.conbuildmat.2015.01.050 0950-0618/Ó 2015 Elsevier Ltd. All rights reserved. discretely sized particles, De Larrard and Sedran [21, 22] postulated different approaches to design concrete: the Linear Packing Density Model (LPDM), Solid Suspension Model (SSM) and Compressive Packing Model (CPM). Furthermore, Fennis et al. [23] developed a concrete mix design method based on the concepts of De Larrard and Sedran [21, 22] . However, all these design methods are based on the packing fraction of individual solid components (cement, sand, etc.) and their combinations, and therefore it is complicated in practice to include very fine particles in these mix design approaches, as it is difficult to determine the packing fraction of such fine materials or their combinations. Another possibility for the mix design is offered by an integral particle size distribution approach of continuously graded mixes (modified Andreasen & Andersen particle packing model), in which very fine particles can be integrated with considerably lower effort, as detailed in [24] . Additionally, based on the previous experiences and investigations of the authors [25] [26] [27] [28] , by applying this modified Andreasen & Andersen particle packing model, it is possible to produce a dense and homogeneous skeleton of UHPFRC with a relatively low binder amount (about 650 kg/m 3 ). Consequently, such an optimized design of the concrete can be a promising approach to produce UHPFRC with an efficient binders use.
Additionally, beside the appropriate design of the concrete matrix, the efficient application of steel fibres is also vital in reducing the materials' cost, energy consumption and embedded CO 2 , since the cost of 1% volume content of fibre applied in UHPFRC is generally higher than that of the same volume of matrix [29] . Nevertheless, in many literature positions investigating UHPFRC, the steel fibres are added directly (sometimes with large volumetric amounts, e.g. more than 5% Vol. [30] ), without considering the efficiency of the used fibres. Although, an optimal orientation of fibres is beneficial for improving the mechanical properties of concrete, it is very difficult to align all the fibres in the ideal direction [31] [32] [33] [34] [35] . Hence, how to find a practical method to efficiently use the steel fibres still needs further studies.
As commonly known, in most cases, the hybrid fibres reinforced concretes have better mechanical properties than the concretes with only a single type of fibres [36] [37] [38] [39] [40] [41] [42] [43] [44] . The application of different types of fibres combined in one concrete mixture was firstly proposed by Rossi in 1987 [45] , as the so-called multi-modal fibre reinforced concrete (MMFRC). Due to the fact that the short fibres can bridge the microcracks while the long fibres are more efficient in preventing the development of macrocracks, the stress in the hybrid fibres reinforced concrete can be well distributed and its mechanical properties can be improved [42] . From a mechanical point of view, the combination of fibres with different geometry seems to be an optimum solution to increase both the mechanical properties and the ductility [42] . Hence, an appropriate hybridization design of the used steel fibres in the production of UHPFRC can be treated as a potential method to enhance the fibre efficiency. In recent years, the research focusing on the application of hybrid fibres in UHPFRC or influence of hybrid fibres on the UHPFRC properties can also be found in the literature [29, 44, 46] . However, the research focusing on the application of three different types of steel fibres simultaneously (e.g. ternary fibres blend) in the UHPFRC production is scarce, which may be attributed to the complexity of the design and influence from such ternary fibres blend. Moreover, the available data on the influence of hybrid fibres on the toughness of UHPFRC is very limited. As has been commonly accepted, the toughness properties of UHPFRC are very important when UHPFRC is utilized in elements exposed to large energy release or high impact loading rates [47] [48] [49] [50] [51] . Hence, a comprehensive clarification of the relationship between the hybrid fibres and the toughness of UHPFRC is needed.
Based on these premises, the objective of this study is to efficiently develop UHPFRC, and clarify the influence of hybrid or ternary fibres on the properties of UHPFRC. The flowability, mechanical properties and flexural toughness of the designed UHPFRC are measured and analyzed. Based on the obtained results, also the available standards for testing the flexural toughness of concrete are evaluated.
Materials and methods

Materials
The cement used in this study is Ordinary Portland Cement (OPC) CEM I 52.5 R, provided by ENCI HeidelbergCement (The Netherlands). A polycarboxylic ether based superplasticizer is used to adjust the workability of concrete. The limestone powder is used as a filler to replace cement. A commercially available nano-silica in a slurry (AkzoNobel, Sweden) is applied as pozzolanic material. The characteristics of the used nano-silica are shown in Table 1 . Two types of sand are used, one is normal sand in the fraction of 0-2 mm and the other one is a microsand in the 0-1 mm size range (Graniet-Import Benelux, The Netherlands). The particle size distributions of the used granular materials are shown in Fig. 1 . Additionally, three types of steel fibres are utilized, as shown in Fig. 2: (1) Long straight fibre (LSF), length = 13 mm, diameter = 0.2 mm; (2) Short straight fibre (SSF), length = 6 mm, fibre diameter = 0.16 mm; (3) Hooked fibre (HF) length = 35 mm, diameter = 0.55 mm. The densities of the used materials are shown in Table 2 . The oxide compositions of the used cement, limestone powder and nano-silica are presented in Table 3 .
Experimental methodology
Mix design of UHPFRC
In the previous investigations of the authors, it was demonstrated how to produce UHPFRC with a relatively low binder amount [25] [26] [27] [28] . Hence, also in this study, the modified Andreasen and Andersen model is utilized to design all the concrete mixtures, which is shown as follows [24, 52] :
where D is the particle size (lm), P(D) is the fraction of the total solids smaller than size D, D max is the maximum particle size (lm), D min is the minimum particle size (lm) and q is the distribution modulus. In the literature, many examples of application of the modified Andreasen and Andersen packing model for the concrete design can be found [53] [54] [55] [56] [57] [58] . By using different values of the distribution modulus q, different types of concrete can be designed [55, 56, 58] . Based on the recommendation of Brouwers [56, 58] and Hunger [59] , the value of q is fixed at 0.23 in this study, considering that a high content of fines is required in UHPFRC. In the concrete mixture design, the modified Andreasen and Andersen model (Eq. (1)) acts as a target function for the optimization of the composition of mixture of granular materials. The proportions of each individual material in the mix are adjusted until an optimum fit between the composed mix and the target curve is reached, using an optimization algorithm based on the Least Squares Method (LSM), as presented in Eq. (2) . When the deviation between the target curve and the composed mix, expressed as the sum of the squares of the residuals (RSS) at defined particle sizes, is minimized, the composition of the concrete is considered optimal [60] .
where P mix is the composed mix, the P tar is the target grading calculated from Eq. (1), and n is the number of points (between D min and D max ) used to calculate the deviation. As commonly known, the quality of the curve fit is assessed by the coefficient of determination (R 2 ), since it gives a value for the correlation between the grading of the target curve and the composed mix. Therefore, the coefficient of determination (R 2 ) is utilized in this study to obtain the optimized mixture given by:
where Pmix ¼
, which represents the mean of the entire distribution.
The UHPFRC mixtures developed in this study applying the optimized particle packing model are listed in Table 4 . The resulting integral grading curve of the composite mixes is shown in Fig. 1 (R 2 = 0.99). In this study, only about 620 kg/m 3 of binders are used to produce the UHPFRC matrix, which is significantly lower than the amounts reported in the literature [4] [5] [6] [7] [8] [9] [10] [11] [12] . In addition, the steel fibres are added into the designed concrete matrix with different hybridizations and proportions (as shown in Table 4 ). In all the mixtures, the total fibre amount is 2% by the volume of concrete. To analyze the effect of different hybrid fibres on the properties of UHPFRC, two types of hybridization system are designed here: (1) with two types of straight steel fibres (Nos. 2-6 in Table 4 ); (2) With both hooked steel fibres and two types of straight steel fibres (Nos. 7-10 in Table 4 ). The mixtures designed with only straight fibres are developed to clarify the effect of the proportions between the long and short fibres on the mechanical properties of UHPFRC, which can further help to design the ternary fibres system.
Mixing procedure
In this study, the concrete matrix is well mixed with steel fibres following the method described in [25] . Before the hybrid fibres are added into the concrete mixture, the fibres are mixed together for 1 min. The mixing is always executed under laboratory conditions with dried and tempered aggregates and powder materials. The room temperature while mixing and testing is constant at around 21°C.
Flowability of UHPFRC
After mixing, the fresh UHPFRC (Nos. 1-6 in Table 4 ) is filled in a conical mould in the form of a frustum, as described in EN 1015-3 [61] . Then, the Hägermann cone is lifted straight upwards in order to allow a free flow for the paste without any jolting. Eventually, two diameters (d 1 and d 2 ) perpendicular to each other are determined. Their mean is recorded as the slump flow value of UHPFRC.
Additionally, considering the effect of hooked long steel fibres, the flowability of fresh mixtures (Nos. 7-10 in Table 4 ) is tested following EN 12350-8:2010 [62] . The Abrams cone with the internal upper/lower diameter equal to 100/200 mm and 
Mechanical properties of UHPFRC
After preforming the flowability test, the fresh UHPFRC mixtures (Nos. 1-6 in Table 4 ) is cast in moulds with the size of 40 mm Â 40 mm Â 160 mm. The prisms are demoulded approximately 24 h after casting and subsequently cured in water at about 21°C. After curing for 7 and 28 days, the compressive and flexural strengths of the prism specimens are tested according to the EN 196-1 [63] . At least three specimens are tested for each batch.
Additionally, considering the restriction of the hooked fibres on the size of the mould, the fresh UHPFRC mixtures (Nos. 7-10 in Table 4 ) are cast in moulds with the size of 100 mm Â 100 mm Â 500 mm and 100 mm Â 100 mm Â 100 mm. The beams and cubes are demoulded approximately 24 h after casting and subsequently cured in water at about 21°C. After curing for 28 days, the compressive strengths of the cubes are determined according to EN 12390-3 [64] , and the beams are subjected to the 4-point bending test as described in EN 12390-5 [65] . For the 4-point bending test, the span between the two supported points at the bottom is 400 mm. To obtain flexural load over the middle deflection curve, a Linear Variable Differential Transformer (LVDT) mounted on the surface of the tested samples is utilized to record the mid-deflection. During the test, the set-up is running in a displacement control mode, which is set at 0.1 mm/min. The test device and a scheme of the sample during the test are illustrated in Fig. 3 . Before the test, the calibration of the LVDT is done.
Flexural toughness of UHPFRC
According to the available literature, two standards are mainly used to evaluate the flexural toughness of fibre reinforced concrete, which are ASTM C1018-97 [66] and JSCE SF-4 [67] . In this study, both these standards are utilized to calculate the flexural toughness of UHPFRC.
In ASTM C1018-97, the flexural toughness is calculated at four specified deflections (d, 3d, 5.5d and 10.5d). The d represents the deflection when the first crack appears, as presented in Fig. 4 . The flexural toughness is calculated at the deflection d, which is considered the elastic or pre-peak flexural toughness (first-crack flexural toughness), while the other three (3d, 5.5d and 10.5d) are considered as the postpeak flexural toughnesses. Furthermore, the flexural toughness indices I 5 , I 10 and I 20 are also defined, which are the ratios between the post-peak flexural toughness and the pre-peak (elastic) flexural toughness. Based on Fig. 4 , the flexural toughness indices can be calculated as:
Differently from the ASTM C1018-97, the JSCE SF-4 defines the area under the loaddeflection plot up to a deflection of span/150 as the flexural toughness. From this measurement, a flexural toughness factor (TF) can be calculated as follows:
where TF represents the flexural toughness factor, L is the span, A (L/150) is the flexural toughness at the deflection (L/150) (calculated in this study using Matlab), B is the specimen's width and H is the specimen's height. 
Experimental results and discussion
Flowability of UHPFRC
The slump flow of the fresh UHPFRC mixtures with only straight fibres is shown in Fig. 5 . The data illustrates the variation of the slump flow of UHPFRC with different short straight fibre (SSF) and long straight fibre (LSF) amounts. SSF-0, SSF-0.5, SSF-1.0, SSF-1.5 and SSF-2.0 represent the mixtures from Nos. 2 to 6, respectively (see Table 4 ). It can be clearly seen that the slump flows of the designed UHPFRC are all larger than 25 cm, and fluctuate around 29 cm, which can treated as self-compacting mortar, according to the European Guidelines for Self-Compacting Concrete [68] and the recommendation presented in [59] . Moreover, it is important to notice that with an increase of the SSF amount (simultaneous decrease of LSF) in the fresh concrete mixtures, the slump flow ability of UHPFRC firstly increases, and then sharply decreases when only the short straight fibres are present. For example, when there are only long straight fibres (LSFs) in the concrete mixture, the slump flow is 28.8 cm, which slightly increases to around 30.0 cm when 0.5% Vol. LSF and 1.5% Vol. SSF are added. However, when all the LSF are replaced by SSF, the flowability of the UHPFRC reduces to about 28.3 cm, which is even smaller than that of mixture with only LSF. Fig. 6 illustrates the slump flow of UHPFRC with hooked fibres (HF). The data presents the variation of slump flow of UHPFRC with different fibres hybridization. The HF, HF + LSF + SSF, HF + LSF and HF + SSF represent the mixtures from Nos. 7 to 10, respectively (see Table 4 ). As can be noticed, the slump flow of all the designed UHPFRC with HF fluctuates around 85 cm, which is much more than that shown in Fig. 5 , because different cones are used in these two flowability tests. The mixture with HF and SSF has the highest slump flow value (88.5 cm), which is followed by the one with ternary fibres. The UHPFRC with only HF shows the smallest slump flow value, around 83.5 cm. According to the European Guidelines for Self-Compacting Concrete [68] , the slump flow of concrete is divided into three classes: (1) SF 1: 55-65 cm; (2) SF 2: 66-75 cm; (3) SF 3: 76-85 cm. The slump flows of the designed UHPFRCs with HF are all in the SF 3class, which implies that it is possible to produce a UHPFRC with a high flowability. Particularly, when the SSF is utilized, the flowability of UHPFRC can be further improved.
As commonly known, the effect of steel fibres on the flowability of concrete is mainly due to four reasons: (1) The shape of the fibres is much more elongated compared with aggregates and the surface area at the same volume is higher, which can increase the cohesive forces between the fibres and the matrix [52] ; (2) Stiff fibres change the structure of the granular skeleton, and also push apart particles that are relatively large compared with the fibre length [52] ; (3) Steel fibres are often deformed (e.g. have hooked ends or are wave-shaped) to improve the anchorage between the fibre and the surrounding matrix [52] ; (4) Mutual effects between the hybrid fibres [28] . Moreover, it is known that different flow velocities affect the fibres and may cause them to rotate in such a way that the fibres reorient perpendicularly to the flow direction. Hence, for the fresh concrete with a single fibre type, the fibres orientation tends to be perpendicular to the flow direction in the fountain flowing mode, which can generate the largest resistance force and reduce the slump flow of the fresh concrete [69] . Nevertheless, when hybrid fibres are added into the concrete, the fountain flowing mode may be disturbed. Due to the difference in geometry, the rotation of fibres can be restricted by each other, which causes that the resistance force in the fountain flow can be reduced and the slump flow value of the concrete mixture could be higher. Hence, as observed in this study, the hybrid fibre reinforced concretes have a higher slump flow ability than the mixtures with only single type of fibres, similarly to the observation reported in [28] .
Mechanical properties of UHPFRC
Mechanical properties of UHPFRC with only straight steel fibres
The flexural strengths of the designed UHPFRC with only straight steel fibres are shown in Fig. 7(a) . The ''Reference'' represents the mixture without fibres (mixture No. 1 in Table 4 ). It is clear that the addition of fibres significantly improves the mechanical properties of concrete. However, the improvement depends on different fibres hybridization. As can be seen, the flexural strengths of the Table 4 , from Nos. 2 to 6, respectively). concrete with LSF (1.5% Vol.) and SSF (0.5% Vol.) at 7 and 28 days are always the highest, which are 24.3 MPa and 30.9 MPa, respectively. When only SSF is utilized (2% Vol.), the flexural strengths at 7 and 28 days reduce to around 18.4 MPa and 21.5 MPa, respectively. This can be explained by the following two reasons: (1) SSF can efficiently bridge microcracks, while LSF is more efficient in resisting the development of macrocracks. Hence, when the microcracks are just generated in the concrete specimen, the SSF can effectively bridge them. As the microcracks grow and merge into larger macrocracks, LSF become more active in crack bridging. In this way, the flexural strength of UHPFRC can be improved; (2) LSF are always well oriented between the two imaginary borders, and these borders may also be the walls of the moulds. With such positions, LSF form a kind of a barrier for SSF, and limit their space for rotation. The SSF will therefore be somewhat better oriented when combined together with LSF, than on their own [42] . Hence, more fibres distribute in the direction perpendicular to the load direction in the flexural test, thus the mechanical properties can be significantly improved. Fig. 7 (b) presents the compressive strength of UHPFRC with only straight steel fibres. As can be observed, compared to the reference sample, the additional steel fibres can also significantly increase the compressive strength of UHPFRC. Moreover, the mixture with LSF (1.5% Vol.) and SSF (0.5% Vol.) shows the highest compressive strengths, which are 117.1 MPa and 141.5 MPa after curing for 7 and 28 days, respectively. This should also be attributed to the combined effect of hybrid fibres in restricting the cracks development. Moreover, the compressive strength results demonstrate that, based on the modified Andreasen & Andersen particle packing model and appropriate fibre hybridization design, it is possible to produce UHPFRC with a relatively low binder and fibre content.
Mechanical properties of UHPFRC with hooked steel fibres
Considering that the hooked fibre (HF) is one of the most commonly used steel fibre type for the production of steel fibre reinforced concrete, the HF (macro-fibre) is included in the production of UHPFRC, as shown in Table 4 , Nos. 7-10. Due to the fact that the designed UHPFRC mixture with LSF (1.5% Vol.) and SSF (0.5% Vol.) at 7 and 28 days shows the best mechanical properties (as shown in Fig. 7) , the designed volumetric ratio of HF/LSF or HF/SSF are all chosen as 3:1. In addition, in the mixture with ternary hybrid fibres, the volumetric ratio of HF/LSF/SSF is fixed at 12:3:1 (thus, the volumetric ratio of hooked fibres (long) to straight fibres (short) is still 3:1). Fig. 8 illustrates the compressive strength of UHPFRC with hooked steel fibres (HF). It can be found that the 28 days compressive strength of all the designed mixtures fluctuates around 135 MPa, and the difference between the mixtures with HF is relatively small. For instance, the mixture with HF and SSF shows the highest compressive strength at 28 days (136.5 MPa), while that the reference mixture (with only HF) is the lowest -129.2 MPa. Moreover, in the mixtures HF + LSF + SSF, HF + LSF and HF + SSF, the HF amount is the same (1.5% Vol.), and their compressive strengths follow the order: HF + SSF > HF + LSF + SSF > HF + LSF. Hence, it can be concluded that: (1) when the total fibre amount is the same, the mixture with hybrid fibres shows a higher compressive strength than the one with HF only; (2) In the hybrid fibres system, when the total fibre and the HF amounts are the same, the SSF is more efficient in improving the compressive strength than the LSF. These phenomena could be also attributed to the combined effect of hybrid fibres in restricting the cracks development. The homogeneity of the tested sample is very important to improve its compressive strength. As can be easily understood, with the same volumetric amount, the SSF has the largest fibre number compared to the other used fibres. Hence, in this study, the UHPFRC mixture with HF + SSF is more homogeneous, so it compressive strength can be larger compared to the sample with HF + LSF or HF only. Fig. 9 presents the 4-point bending test results of UHPFRC with HF. The load/mid-deflection curves can be mainly divided into three parts: elastic section, strain hardening section and strain softening section, as shown in Fig. 10 . From the beginning of the test until the moment when the first crack appears, the linear section part of the curve can be observed. Due to the fact that the tested UHPFRC is very stiff, very small mid-deflections of the samples can be measured. In this study, the first crack deflection for all the samples fluctuates around 0.01 mm, and the first crack forces follow the order: HF + LSF + SSF (30. crack appears, the strain hardening section starts, and a number of small cracks generates in the tested beam, as shown in Fig. 9 . In this process, the fibres in concrete will mainly endure the load and limit the growth of the generated cracks, until the peak force appears. In this study, the peak forces for the tested UHPFRC follow the order: HF + LSF + SSF (43.1 kN) > HF + SSF (39.9 kN) > HF + LSF (38.2 kN) > HF (34.8 kN), and this trend is similar to that of the first crack force. When the fibres in concrete cannot restrain the further growth of the small cracks, the fibres will be pulled out and the endurable force of the test beam will decrease, which reflects the initiation of the strain softening section. Nevertheless, due to the different characteristics of the fibres and the binding force between the fibres and concrete matrix, the strain softening behaviour of reinforced concrete can be very different. In this study, it is important to notice that the endurable force of the mixtures with SSF (e.g. HF + LSF + SSF and HF + LSF) sharply decreases after reaching the peak force, while for concrete with only HF or HF + LSF a relatively slow decreasing trends are observed. The decreasing rates of the residual load of the tested UHPFRCs follow the order: HF < HF + LSF < HF + LSF + SSF < HF + SSF, which also implies that the addition of SFF (instead of longer fibres) may significantly reduce the flexural toughness of UHPFRC. This phenomenon can be attributed to the following reasons: (1) during the 4-point bending test, the hybrid fibres can well disperse the loading force. For instance, the straight fibres can well bridge the microcracks, while the long hooked fibres are more efficient in resisting the macrocracks development. Hence, when ternary fibres are used in UHPFRC, the cracks generated at different length-scales can be better bridged compared to the mixture with only one or two types of fibres, which causes that the endurable force can be simultaneously larger; (2) Due to the multiple effects among different fibres, more fibres in the ternary fibres reinforced mixture distribute in the direction perpendicular to the force direction during the 4-point bending test, which can further improve the first crack force and peak force; (3) Although SSF works well in restraining the growth of microcracks, it is less efficient during the strain softening process, which should be attributed to its geometry. Due to the relatively short length and lower binding force with the concrete matrix, many SSF can be pulled out after reaching the peak force, and the load endurable capacity of the tested beam sharply decreases. In contrary to the characteristic of SSF, HF shows a greater ability in restraining the development of macrocracks. As commonly known, the hooks at the ends of HF can improve the coupling force between the fibres and concrete matrix, which causes that a higher force is needed to pull this fibre type out (compared to SSF). Hence, during the strain softening process, HF can still bridge the macrocracks, and the endurable force with only HF can slowly decrease with an increase of the mid-deflection.
Flexural toughness of UHPFRC
To evaluate the effect of different fibres on the flexural toughness of UHPFRC, the procedures described in ASTM C1018-97 [66] and JSCE SF-4 [67] are employed for the flexural toughness determination, as described in Section 2.2.5.
Flexural toughness calculated based on ASTM C1018-97
Fig . 11 shows the flexural toughness of UHPFRC calculated based on ASTM C1018-97. It can be noticed that the first crack flexural toughnesses of the tested UHPFRC are very small and similar to each other, and fluctuate around 0.2 N m. After that, with a deflection increase, a difference between the post crack flexural toughnesses of UHPFRC can be observed. Especially at the deflection of 10.5 d, the mixture with ternary fibres has the largest post crack flexural toughness (4.1 N m), which is followed by the HF + SSF (3.3 N m), HF + LSF (3.2 N m) and HF (3.1 N m), respectively. Hence, based on the ASTM C1018-97, the flexural toughness of the mixture with ternary fibres is the highest, while the flexural toughness of the mixture with only HF is the smallest. In addition, the flexural toughness indices of all the mixtures are calculated based on ASTM C1018-97, and are presented in Fig. 12 . It can be noticed that the I 5 for all the mixtures are similar to each other, which is similar to the first crack flexural toughness shown in Fig. 11 . Moreover, the indices I 10 and I 20 show that the tested concretes with different fibres follow the order: HF > HF + LSF + SSF > HF + LSF > HF + SSF. Hence, it can be summarized that the concrete mixture with only HF has the largest flexural toughness, which is closely followed by the mixture with ternary fibres. However, it is important to notice that the calculated flexural toughness and flexural toughness indices are contradicting, which implies that the standard ASTM C1018-97 is not very suitable to evaluate the flexural toughness of UHPFRC (see Fig. 13 ).
Flexural toughness calculated based on JSCE SF-4
To clarify the conflicting results of flexural toughness based on ASTM C1018-97, the JSCE SF-4 is employed to further evaluate the flexural toughness of UHPFRC. The calculated flexural toughness and flexural toughness factors of UHPFRC based on JSCE SF-4 are shown in Fig. 13 . It is obvious that the calculated flexural toughnesses presented in Fig. 13 are all in the range from 25 to 35 N m, and are much larger than those calculated based on ASTM C1018-97 (shown in Fig. 11 ). In addition, according to the literature, the flexural toughness of UHPFRC calculated based on JSCE SF-4 is similar to the results of other fibre reinforced concretes, as shown in [70, 71] . Moreover, the calculated flexural toughnesses and flexural toughness factors shown in Fig. 13 follow the same order: (Fig. 9) . Hence, it is demonstrated that the HF can significantly increase the flexural toughness of UHPFRC, while that the additional SSF is less effective in improving the flexural toughness of UHPFRC.
Comparison of ASTM C1018-97 and JSCE SF-4
In this study, it can be noticed that the flexural toughness calculated based on ASTM C1018-97 and JSCE SF-4 show very different results. Hence, it makes sense to assess the employed standards and clarify which one is more suitable to be used to calculate the flexural toughness of UHPFRC. In the literature it can be noticed that these two standards are the most widely used standards to determine the flexural toughness of concrete or fibre reinforced concrete. Some comparisons and evaluations between these standards can be easily found. For instance, Nataraja [70] stated that the characterization of flexural toughness based on the JSCE SF-4 approach was very simple and was independent of the type of the deflection measuring technique. No sophisticated instrumentation was required to determine the flexural toughness factor. Moreover, Sukontasukkul [71] found that a single value flexural toughness determined using JSCE SF-4 method can easily reflect the flexural toughness property of steel fibre reinforced concretes (SFRC). However, in the case of polypropylene fibre reinforced concrete (PFRC), JSCE SF-4 does not seem to be sufficient to reflect the true flexural toughness. On the other hand, the flexural toughness calculated by ASTM C1018-97 at different deflections seems to work well in terms of capturing and reflecting the true flexural toughness properties of both SFRC and PFRC [71] .
However, in this study, after comparing the obtained 4-point bending test results and the calculated flexural toughness, it can be found that the ASTM C1018-97 cannot correctly reflect the flexural toughness property of the tested UHPFRC, which is not in line with the conclusion of Sukontasukkul [71] . This should be attributed to the difference of the first crack deflection between the normal strength concrete and UHPFRC. As can be seen, the flexural toughness described in ASTM C1018-97 largely depends on the value of the deflection of the first crack (e.g. d, 3d, 5.5d and 10.5d). In the 4-point bending test of UHPFRC, due to the fact that UHPFRC is very stiff, its deflection at the first crack appearance is much smaller than for the normal fibre reinforced concrete. In this study, the d of all the tested mixtures fluctuates around 0.01 mm, which causes that the calculated 3d, 5.5d and 10.5d are also relatively small. Hence, in the calculation of the flexural toughness following ASTM C 1018, only small part of the area under the loaddeflection curve is considered. As shown in Fig. 9 , the deflection of 10.5d (around 0.11 mm) is still in the strain hardening section. Hence, the flexural toughness calculated based on ASTM C1018-97 cannot truly represent the flexural toughness property of UHPFRC. In contrary, in the standard JSCE SF-4, the area under the load-deflection plot up to a deflection of span/150 (about 2.67 mm in this study) is calculated, which guarantees that the section of elasticity, strain hardening and strain softening are all taken into account in the flexural toughness calculation. Consequently, it can be summarized that the JSCE SF-4 is more suitable to evaluate the flexural toughness property of UHPFRC than ASTM C1018-97.
Conclusions
This paper presents a method to efficiently develop Ultra-High Performance Fibre Reinforced Concrete (UHPFRC). Towards an efficient application of binders and fibres in UHPFRC, the modified Andreasen & Andersen particle packing model and the hybridization design of fibres are utilized. Particularly, the ternary fibres reinforced UHPFRC is appropriately designed, produced, tested and analyzed. From the results obtained in this paper the following conclusions can be drawn:
Using the Andreasen & Andersen particle packing model and optimized fibres hybridization, it is possible to produce a stiff UHPFRC with relatively low binder amount (about 620 kg/m 3 ) and low fibre amount (Vol. 2%), which can make the concrete more sustainable and cost effective. Both the straight and the hooked fibres can be used to produce UHPFRC with relatively good flowability. Moreover, with the same steel fibre amount, the hybrid fibre reinforced concrete shows better workability than the one with a single type of fibres. This may be attributed to the fact that the long fibres can be treated as imaginary borders to the short fibres, so that they can relatively well resist the rotation of the short fibres and reduce the resistance force in the fountain flowing. Furthermore, the short fibres can also conversely restrict the rotation of the long fibres. The UHPFRC mixtures with hybrid fibres have higher strengths than those with a single type of fibres. The macro-fibres (hooked steel fibres) can also be utilized to produce UHPFRC, with good mechanical properties. The addition of short straight fibres (SSFs) can significantly improve the homogeneity of the concrete mixture and simultaneously enhance its compressive strength, while the ternary hybrid fibres are beneficial in increasing the peak force of UHPFRC in the 4-point bending test. Hence, based on different requirements on the mechanical properties of UHPFRC, various hybridization designs of the fibres can be executed, which can significantly improve the fibre efficiency. The flexural toughness of UHPFRC is evaluated following the most commonly used standards (ASTM C1018-97 and JSCE SF-4). The results show that, with the same fibre amount, the hooked fibres (HF) can significantly increase the flexural toughness of UHPFRC, while that the additional short straight fibres (SSFs) are less effective in improving the flexural toughness of UHPFRC. Moreover, due to the specific characteristics of UHPFRC, it is found that the JSCE SF-4 guideline is more suitable for UHPFRC flexural toughness evaluation than ASTM C1018-97. 
